ABSTRACT We developed a method using a digital camera combined with fitting algorithm and T-S fuzzy neural network (T-S fnn) to measure the water turbidity accurately and efficiently. A turbidity-measuring device and image-processing software based on the common camera were designed to obtain the image of a standard solution after a constant light source passed through the sample and the RGB values, Lab values corresponding to the image were obtained. These RGB values were used as the input of the fuzzy neural network prediction model, the corresponding standard turbidity values were used as the output, and a camera-based fuzzy neural network turbidity measurement method was established. Simultaneously, the standard curve of turbidity measurement is established by fitting the turbidity using color component and color difference. The proposed method was applied to the measurement of standard turbidity solution and the results were compared with those of turbidmeter. The accuracy of the fuzzy neural network and the fitting algorithm is higher than that of the turbidimeter, and the accuracy of the fuzzy neural network method is the highest, the measurement error was only ±0.89%, and the accuracy much higher than that of an ordinary turbidimeter. By comparing the independent sample t-tests of the actual water samples, the fuzzy neural network method had the same trend as the turbidimeter and there was no significant difference of the results. The water turbidity measurement with the camera-T-S fuzzy neural network assembly can be applied to the actual water samples. This method can replace the traditional photoelectric detection method to measure turbidity, and it can reduce measurement error and cost. It may be used in environmental detection, biomedicine, and other fields.
I. INTRODUCTION
Water quality detection plays an important role in pollution control. It is an important basis for the correct judgment and evaluation of water environments and the comprehensive utilization of wastewater [1] . Water turbidity is also an important indicator in determining whether tap water is drinkable. Measuring the turbidity of tap water is essential before the water leaves the factory. The turbidity requirement for drinking water is less than three NTU in China. As a direct indicator of water quality, turbidity is defined as the reduction
The associate editor coordinating the review of this manuscript and approving it for publication was Yong Yang.
in the transparency of a liquid sample caused by the presence of undissolved matter [2] . Turbidity is also sometimes defined sedimentologically, as a measure of the fine particulate material that has a relatively long suspension time in the water column, making it both temporally and physically distinct from the relatively rapid settling of coarser sediment. The turbidity measurement plays a crucial role in industrial, medical, and scientific research, for example, water quality assessment, monitoring of watershed conditions [3] , cell culturing, and research on nutrients and bacteria [4] , [5] .
Too high of a turbidity will hinder the photosynthesis of vegetation in water and affect the growth of vegetation [6] . The successful implementation of farmland VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ irrigation projects is also closely related to the turbidity of water. Excessive turbidity of water will block sprinkler heads and reduce the uniformity coefficient of the effluent, which will affect the irrigation efficiency [7] , [8] . In addition, the excessive turbidity affects the reservoirs' water storage capacity [9] , [10] . Therefore, water quality management departments need to accurately measure water turbidity in order to control within a reasonable range so as not to affect the ecological balance and human health. Whipple and Jackson [11] invented the Jackson Candle turbidimeter in 1900. The light from a candle flame is transmitted through water samples, and the intensity of the transmission is compared with a standard suspension of diatomite [12] . At present, all of the turbidity measurement methods are based on the optical methods including visual turbidimetry, a detection method based on the transmitted the scattered light, and a detection method based on the transmission-scattering ratio. The visual turbidimetry method using turbidimeter or spectrophotometer has a low accuracy and is generally used for the rough evaluation of the water turbidity. The measuring principle is shown in Figure 1 . The relationship between the transmitted light intensity and turbidity is shown in Equation 1.
I T = I 0 e
(−kdl) (1) where I T is the intensity of the transmitted light, I 0 is the intensity of the incident light, k is the proportional constant, d is the solution turbidity, and l is the transmission depth. Generally, the turbidity of an unknown liquid is calculated after the calibration according to the formula. Because the transmission of light in a turbid liquid is complex, an error could occur when using Equation 1. Measuring the turbidity based on the light scattering method using a scattering light turbidimeter is to detect the light that is 90 • incident to the source. The measurement principle is shown in Figure 2 .
The relationship between the light intensity after scattering and the number and volume of particles per unit volume liquid compliance with Rayleigh formula:
where I S is the light intensity of scattering, k is the proportional constant, I 0 is the incident light intensity, n is the number of particles per unit volume in the sample, V is the volume of particles in the sample, and λ is the incident light wavelength. However, the scattering turbidimeter usually calculates the turbidity of water using linearity, and so it is suitable only for low turbidity measurements. For a high turbidity, the scattering in the optical path is very complex, and there are multiple times to scatter. It is impossible to accurately determine the relationship between the turbidity and light intensity. Thus, it increases the difficulty of making an accurate turbidity measurement [12] . When a turbidity of more than 10,000 NTU is measured with a commercial turbidimeter, even professional turbidity instruments have an uncertainty as high as ±10% [13] . The measurement error of an ordinary turbidimeter can be up to ±5% − ±10% in the range of 0-1000 NTU. Recent studies on the turbidity measurement methods include COTS sensors [14] - [16] , airborne lidar sounding technology [17] , and a sensor design using the nephelometric method [18] . Several on-line monitoring systems for the water quality of domestic tap water, lakes, and rivers based on the Wireless Sensor Network (WSN) were implemented using COTS sensors. These wireless sensor network systems have low power consumption but a high cost, and they depend heavily on the sensors and instruments implemented in the platform. The airborne lidar sounding technology has a high accuracy and practicability, but its cost is high and its calibration work is complex. Sensor design using the nephelometric method is reliable in water quality detection. However, it is uncertain whether this method can measure the turbidity above 100 NTU.
To reduce the measurement error of the turbidity, solve the non-linear problem of the solution turbidity and light intensity after transmission or scattering. We improved the accuracy of the turbidity measurement and increased the measurement range. We developed a novel method for measuring the water turbidity with a digital camera combined with fitting algorithm and T-S fuzzy neural network. The digital camera was used to acquire image information with color and brightness, replacing complex photoelectric detection devices. The T-S fuzzy neural network was used to replace the measurement algorithm to achieve high-precision turbidity measurements.
The T-S fuzzy neural network is a kind of neural network with a strong adaptive ability, which can constantly modify the membership function of the fuzzy subset, make the network converge quickly, and establish a non-linear data relationship model. It is suitable for small data sets. Fuzzy neural networks are in wide use. The current applications mainly focus on the fields of fuzzy regression, fuzzy control, fuzzy expert system, fuzzy matrix equation, fuzzy modeling, and fuzzy pattern recognition. In this work, an ordinary camera and fuzzy neural network were applied to water quality detection, which broadens the application field of fuzzy neural networks. The new, accurate, economical, and convenient turbidity measurement method can provide a reliable selection for the measurement of water turbidity.
II. INSTRUMENT DESIGN A. STRUCTURE OF INSTRUMENT SYSTEM
The data set used in this research was acquired by self-made image acquisition equipment and turbidity image processing software. The structure of the system is shown in Figure 3 . The device consists of a constant light source circuit, a backlight plate, a sample slot and a digital camera. The shading box seals the sampling area and isolates the external light source, thus avoiding the influence of the external light source on the sampling. The backlight plate is used in the light source system so that the light is uniform; the light source is driven by a constant light source circuit. The backlight plate is closely attached to the colorimetric dish, and the light source consists of 2 0.3 W white LEDs with a color temperature of 5700. When the white light emitted by the backlight plate passes through the turbidity liquid, it absorbs light of a specific wavelength. The turbidity of the liquid is different, and the quality of the substance that absorbs light is different. The absorption of the light is reflected in the image by the camera as soon as the light passes through the liquid.
B. BACKLIGHT CIRCUIT
The light produces images via the digital camera through the liquid being measured. The light source produced by the backlight plate was uniform and the imaging quality was good. The backlight plate is shown in Figure 4a and the circuit in Figure 4c . The circuit is powered by USB. The photodiode Figure 4b ) collects the light intensity of the backlight plate and generates a voltage signal to control the working current of the backlight plate. Thus this closed-loop control circuit can provide for a constant light intensity.
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C. THE DIGITAL CAMERA
The digital camera used in this study was a common camera, but we needed to disable the automatic exposure, brightness, and white balance adjustment functions to ensure the consistency of the parameters throughout the whole measurement process. The camera used in this study was a JD300, and its structure is shown in Figure 5 . 
D. SOFTWARE DESIGN
The designed software was based on the open source camera tool development kit and C# language. The main function of the software is to obtain the RGB value of the camera image and set the parameters of the camera.
The main interface of the software is shown in Figure 6 . A frame image is acquired by the snapshot button. The RGB values of 400 pixels in the central region of the image are read, and then the average RGB values of these pixels are obtained. The camera settings button is used to set up the camera parameters, including the brightness, contrast, hue, saturation, white balance and exposure. These parameters must be fixed to ensure the accuracy of each measurement. The data set of the T-S fuzzy neural network water turbidity prediction model is obtained using the RGB value of the turbidity image collected by the software system as the input data and the corresponding turbidity value as the label.
III. METHODS
A. PREPARATION OF STANDARD SOLUTION
The data sets were the RGB values of the 0-1000 NTU standard turbidity liquid images configured by the standard 200, 400, and 1000 NTU turbidity solutions and distilled water. The standard turbidity of liquid is calculated using Equation 3 .
where c 1 and c 2 are standard turbidity solutions of a known concentration, and l 1 and l 2 are the corresponding solution volumes of c 1 andc 2 .
B. CONVERSION FROM RGB COLOR SPACE TO LAB COLOR SPACE
After obtaining the image of turbidity liquid by digital camera, the average RGB value of 400 pixels in the central region 
Then, the XYZ values were converted to Lab values:
C. FITTING METHOD Because the turbidity is measured by gray scale method, the relationship between R, G, B values and turbidity is close. The turbidity is fitted by R, G, B, L, RGBĄCRGB chromatic and Lab chromatic aberration respectively, and the relationship between various color components and chromatic aberration and turbidity is obtained. The results are compared with those of the T-S fuzzy neural network method.
D. METHOD OF T-S FUZZY NEURAL NETWORK 1) T-S FUZZY NEURAL NETWORK PREDICTION MODEL
The T-S fuzzy system is a kind of self-adaptive fuzzy system. The model can update automatically, as well as modify the membership function of the fuzzy subset. The fuzzy neural network was established according to the principles of fuzzy systems. Each node in the network and its parameters has certain physical meanings. When the network is initialized, the initial values of these parameters can be determined according to the fuzzy or qualitative knowledge of the system. The network can converge quickly and is very suitable for dealing with small data sets (such as the 213 sets of data used in this study).
2) T-S FUZZY NEURAL NETWORK STRUCTURE
The T-S fuzzy neural network is composed of the forward network and the consequent network [19] , [21] . Figure 7 shows the structure of the T-S fuzzy neural network. The forward network consists of four layers, and the first layer is the input layer. Each node of the input vector is connected directly to the componentx i of the input vector, and the input value x = [x 1 , x 2 , · · · , x n ] is transmitted to the next layer, where the number of nodes N 1 = n.
Each node in the second layer represents a linguistic variable value, and the number of nodes in this layer is N 2 .
For the input x = [x 1 , x 2 , · · · , x n ], the membership degree µ i A of each input variable x j is calculated according to the fuzzy membership function.
Fuzzy membership function is a function used to quantitatively calculate the membership of elements. The determination methods of membership function are divided into fuzzy statistics method, assignment method, expert experience method, binary comparative ranking method and borrowing the existing ''objective'' method. The selection of membership function of T-S fuzzy neural network in this paper is based on the characteristics of our data set and the purpose of prediction. It is preliminarily determined by assignment method and verified by comparison. This design is based on the RGB value of turbidity image to measure water turbidity. The RGB value of turbidity image has an exponential relationship with turbidity. And the expression is: Figure 10 ), where A, B, C and t are constant, similar to the expression of Gauss function. Therefore, we inferred that the elements of RGB set can be represented by a Gaussian function, and that the Gaussian function can represent the ''true degree'' of the elements belonging to the fuzzy set. In addition, the purpose of using T-S fuzzy neural network is to measure water turbidity accurately, which requires higher resolution and measurement accuracy. The fuzzy subset with sharp shape of membership function curve has higher resolution and measurement accuracy, so Gauss function was chosen as the membership function of T-S fuzzy neural network to measure water turbidity. the membership degree µ i A of each input variable x j is:
In the formula, A i j is the fuzzy set of the fuzzy system, c i j and b i j are the center and width of the membership function, n is the number of input vectors, and k is the number of fuzzy subsets. Then, the membership degree is used for the fuzzy calculation, and the fuzzy operators are used as continuous multiplication operators.
Finally, according to Equation (9), the membership function µ j i of each input component belonging to the fuzzy set of linguistic variables is calculated:
In this equation, i = 1, 2, · · · , n and j = 1, 2, · · · , m i . n is the number of inputs, and m i is x i 's fuzzy partition number.
The third layer is used to match the preconditions of the fuzzy rules. Each node represents a fuzzy rule. The fitness of each rule is calculated by Equation (12) , and the number of nodes in this layer is N 3 = m:
Given a specific input, only the linguistic variables near the input point have large membership values, while the membership of the remaining points may be very small, such as the Gauss membership function, or 0, such as the triangular membership function. When the membership function is lower than 0.05, the membership function can be considered to be close to 0. There are only a few nodes in α j whose output is not 0, and most nodes whose output is 0, which is similar to local approximation networks.
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The fourth layer carries out the normalization calculation (Equation (14)), and the number of nodes in this layer N 4 = N 3 = m.
The consequent network consists of r sub-networks with the same structure and each sub-network generates one output. The first layer sub-network is the input layer, which transmits the input variables to the second layer.
The second layer sub-network is used to calculate the consequence of each rule; there are m nodes in this layer, and each node represents a rule, that is,
where p i j is a parameter of the fuzzy system, j = 1, 2, · · · , m and i = 1, 2, · · · , r.
The third layer subnetwork is used to calculate the output of the system:y i .
3) LEARNING ALGORITHMS OF FUZZY NEURAL NETWORKS
Error calculation:
where y d is the expected output of the network, y c is the actual output of the network, and e is the error of the expected output and the actual output. Coefficient correction:
where p i j is the coefficient of the neural network, α is the learning rate of the network, x i is the input parameter of the network, and ω i is the continuous product of the membership degree of the input parameter.
Parameter correction:
4) ESTABLISHMENT OF WATER TURBIDITY PREDICTION MODEL BASED ON THE T-S FUZZY NEURAL NETWORK
The fuzzy neural network determines the number of input and output nodes according to the input and output dimensions of the training samples. In this study, the input data dimension was 3 and the output data dimension was 1, so 3 input nodes and 1 output node were utilized. By analyzing the number of input and output nodes and combining the training and testing results of multiple prediction models when 10 membership functions are selected, the training and testing errors of the prediction model are the lowest, and the results are relatively stable. This approach results in a water turbidity prediction model based on a fuzzy neural network with 3 input nodes, 10 fuzzy nodes, and 1 fuzzy output node. The prediction error of the model is 0.1, the learning rate is 0.05, and the maximum number of training is 1000. The RGB value of the turbidity solution image is used as the input of the model, and the turbidity of a standard turbidity solution is used as the output to train and test the prediction model of the fuzzy neural network. The best parameters and coefficients are calculated by using the fuzzy rules of the fuzzy layer. (We saved these values for the prediction of the actual water samples.) The flow chart of the water turbidity prediction algorithm based on the T-S fuzzy neural network is shown in Figure 8 . 
IV. RESULTS AND DISCUSSION
A. ANALYSIS OF TURBIDITY IMAGE
The solution image was obtained using the designed measuring device, and the experimental data were obtained with the software. The partial experimental data obtained are shown in Figure 9 . With the increase of the turbidity, the brightness of the turbidity image decreases gradually, and the RGB value also changes. The variation of the RGB and Lab values of the turbidity images is shown in Figure 9 .
B. FITTING RESULTS OF TURBIDITY TO COLOR COMPONENT OR COLOR DIFFERENCE
In addition to the RGB data of image, the software acquired the Lab value to track the change of the solution's brightness. The RGB and Lab values can be used to establish the relationship to turbidity. The standard curves are shown in Figure 10 .
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The fitting curves between RGB and turbidity are shown in Figure 10 a, b and c where all of them are non-liner. The Lab value is obtained from the RGB value of the solution image by the color space conversion. Figure 10d shows that the brightness (L) of the solution has a linear relationship with the turbidity. ''a'' denotes the range from red to green, and ''b'' from yellow to blue. Figure 10 e and f are the standard curves, i.e. the RGB color difference and Lab colors' difference V.S. the turbidity. The color difference refers to that between the turbidity solution and the blank solution.
The results are fitted to be shown in Table 1 . 
C. PREDICTION WITH THE T-S FUZZY NEURAL NETWORK PREDICTION MODEL
The RGB values in the training data set were used as the feature input, and the corresponding turbidity values were used as the learning label to input into the T-S fuzzy neural network prediction model. The model was trained 1000 times and the training results are shown in Figure 11 .
FIGURE 11.
Training results of the training data set. Figure 11 shows that the actual turbidity in the training data is very close to the predicted turbidity. The error fluctuates around 0. The training effect of the model is very good.
The resulting parameters obtained from the repeated training of the training data were applied to the test data for prediction. The stability and accuracy of the prediction model were determined. The predicted results of the test data are shown in Figure 12 . 
D. THE EFFECT OF DIFFERENT MEMBERSHIP FUNCTIONS ON MEASUREMENT RESULTS
The typical membership functions with sharp curves are triangular, sigmoid and Gauss functions. 
1) Triangular membership function:
In the formula, m and σ are the center and width of the fuzzy set.
2) Sigmoid membership function:
In the formula,c and a are the center and width of the fuzzy set.
3) Gauss membership function:
In the formula,c and σ are the center and width of the fuzzy set.
In order to verify the rationality of selecting the Gauss function as the membership function according to the characteristics of the data set, it also reflects the importance of selecting the membership function correctly. Triangle, Sigmoid and Gauss function are selected to predict water turbidity of T-S fuzzy neural network. The above three functions are respectively applied to T-S fuzzy neural network to predict the standard solution. Some of the predicted results are shown in the Figure 13 .
The predicted results of the three functions are compared with the turbidity values of standard solutions, some of which are shown in Table 2 .
The comparison results of Figure 13 and Table 2 show that the accuracy of T-S fuzzy neural network using Gauss function to measure water turbidity is higher than that of Triangle and Sigmoid function. The results show that the measurement accuracy is higher when the trend of the fuzzy data set is close to the membership function, and the importance of the selection of membership functions to the measurement results was also verified.
E. COMPARISON WITH STANDARD SOLUTION
ISO (7027-1:2016) specifies two quantitative methods of using optical turbidimeters or nephelometers for the determination of turbidity of water [22] . The turbidimeter used in comparative experiments in this paper is designed according to ISO (7027-1:2016) standard method with the measurement range between 0 to 1000 NTU.
A comparative experiment for measuring the standard turbidity solution was designed and the measurement results of Table 3 and Figure14.
The accuracy of the proposed method is higher than that of the turbidimeter. The standard deviation of T-S fuzzy neural network method is the least and the accuracy the highest.
The proposed method had a higher coincidence with the standard turbidity solution than the turbidimeter. The measurement error was also lower than that of the turbidimeter.
The maximum error of the turbidimeter was about ±4% of the measurement range, but that of the proposed method only ±0.89% of the measurement range.
The measurement results of the methods were closer to the turbidity values of the standard solution within the allowable range of error.
F. DETERMINATION OF ACTUAL WATER SAMPLES
To verify the practicability of the recommended method, several typical lakes in the Huaibei area were selected as the water sampling points. The digital camera combined with the T-S fuzzy neural network and the turbidimeter(Model WGZ-1B, produced by Shanghai Xinrui Instrument Company) were used to evaluate the validation samples. The official error of this turbidimeter was ±5% of the range, and the range was 0-200 NTU. The partial detection results are shown in Table 4 . Table 4 shows that the measurement results(Figure15) between the proposed method and the turbidimeter has a little error.
The independent sample t-test was used for the measurement results of the two methods by SPSS software (Table 5 ). Table 5 shows the independent sample t-test results for the measurement of the two methods, and the p value is 0.295 (>0.05), which indicates that there is no a significant difference between the two methods. Table 5 and Figure 15 show that the measurement results of the proposed method have the same trend as those of the turbidimeter. The difference is little, so the proposed method is reliable.
V. ANALYSIS A. ADVANTAGES OF DIGITAL CAMERA COMBINED WITH IMAGE METHOD
At present, the measurement of turbidity is mainly performed via photoelectric methods, such as spectrophotometry and the instrumental method. Spectrophotometry determines the turbidity by measuring the absorbance at a specific wavelength. The instrumental method determines the turbidity by measuring the scattered light. Both methods use photovoltaic cells or phototubes to convert transmitted or scattered light into electrical signals; the detected analog signal is converted into a digital signal and sent to the MCU for processing. The turbidity value is then displayed.
Digital cameras mostly use the CMOS-photosensitive elements. CMOS-photosensitive elements are semiconductor elements used to record light changes, and they are mainly composed of silicon and germanium. Their advantages are their high integration, low power consumption, and low cost. Each pixel of the camera is equivalent to a photoelectric detection element, and the signal-processing unit integrated by the camera can replace the digital-to-analog conversion circuit and signal-processing circuit of the turbidimeter. Therefore, using a camera and neural network algorithm to measure turbidity avoids the development of a photoelectric detection circuit, signal-processing circuit, digital-to-analog conversion circuit, and display circuit; it can also visualize the turbidity measurement process. The white balance algorithm of the camera can be used for 0 correction, and by adjusting the saturation, the turbidity image can be converted into black-and-white image, and the interference of color on turbidity measurement can be eliminated. The sensitivity of the measurement can be adjusted by adjusting the brightness, contrast, exposure, and light source brightness, which is suitable for turbidity measurements in different ranges. The strong non-linear fitting ability of the neural network can improve the measurement accuracy. Therefore, the application of our image method and neural network for turbidity measurements can achieve the measurement of the turbidity solution accurately, conveniently, and quickly.
B. COMPARING WITH THE LATEST IMAGE METHODS FOR TURBIDITY MEASUREMENT
The latest methods to measure turbidity by image analysis include the following. A turbidity measurement method for natural water based on Hydrocolor was proposed [23] , which is based on radiometric measurements instead of image color. It is shown that HydroColor can measure the remote sensing reflectance to within 26% of a precision radiometer and turbidity within 24% of a portable turbidimeter. Compared with our method, this method provided a simple and low cost method for measuring the reflectance and water quality, but the accuracy is low for the HydroColor's ability to measure reflectance and turbidity accurately depend on environmental conditions.
A novel and automatic turbidity estimation system for fluids was proposed [24] . Effluent samples are imaged such that the light absorption characteristic is highlighted as a function of fluid depth and computer vision processing techniques are used to quantify this characteristic. The system has the advantage of easy repetition, and implementing such a system would lead to a reduction in manpower requirements, improve wastewater monitoring frequency. However, when measuring turbidity, the system needs to be calibrated to produce comparable turbidity values, and the accuracy is not guaranteed.
VI. CONCLUSION
A method of measuring water turbidity with a camera combined with fitting algorithm and T-S fuzzy neural network was proposed. Data sets of neural network and data of fitting algorithm were obtained by a self-made measuring device and image-processing software. A prediction model of the water turbidity and standard fitting curve was established to measure the water turbidity. The standard solution and actual water samples were measured and compared with the results of a turbidimeter. Based on the results of the standard solution comparison, the accuracy of our proposed method was much higher than that of an ordinary turbidimeter, and the fuzzy neural network method has the highest accuracy. We compared the results of the camera combined with T-S fuzzy neural network method with the measured results of actual water samples and found they were consistent. The independent sample test of the measurement results was carried out in SPSS, and the practicability and reliability of the design were verified. The method of detecting the water turbidity using a camera combined with the T-S fuzzy neural network has the advantages of high accuracy and process visualization. Our approach can replace the traditional photoelectric detection method and reduce the cost of water turbidity measurements. The proposed method can also replace other methods based on photoelectric detection, and it can be used in environmental detection, biomedicine, and other fields.
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